

























































































































































































































































































































































































































































































































































































Clostridium botulinum A str. ATCC 3502
Clostridium botulinum A2 str. Kyoto]
Clostridium botulinum H04402 065]
Clostridium botulinum B1 str. Okra]
Clostridium botulinum F str. Langeland]
Clostridium botulinum NCTC 2916
Clostridium botulinum Bf
Clostridium botulinum A3 str. Loch Maree
Clostridium sporogenes ATCC 15579





































































































































































































































































































































































































































































































































































































Alewife  whole  4  100.16 ± 11.9 
Guppy  whole  8  0 
Goldfish  whole  1  272.4 
Goldfish  GI tract  1  671.7 
Goldfish  viscera  1  497.13 













































































































































































Zooplankton  > 300 µm  2  0 
Zooplankton  165‐300 µm  2  0 

















larvae  whole  21  0 





































































































































































Christmas fern  rhizome  3  35 ± 1.2 
Christmas fern  fine roots  3  7 ± 12.12 
Cinnamon fern  rhizome  3  0 
Cinnamon fern  fine roots  3  0 
Lady fern  rhizome  3  0 
Lady fern  fine roots  3  0 
Interrupted fern  rhizome  3  0 





Hay scented fern  rhizome  3  0 









Marginal fern  fine roots  3  0 
Spinulose fern  fine roots  3  0 
 
 
Thiaminase activity was also found in local horsetails (Equisetum variegatum), 
which has also been reported in the literature (9)(Table 9). 
 
TABLE 9. Horsetail 
Species  Tissue  Replicate 
Thiaminase activity (nmol of thiamine 
degraded/min/gm) 
Variegated 
horsetail 
stem  3  5.1 ± 4.43 
 
 
Several insects were found on bracken fern during collections and are shown in 
Figure 22. These organisms were reared in the laboratory with the wooly worms 
(Pyrrhactia isabella) being split into two treatments as described in methods.  The finding 
of active thiaminase protein in the frass of these organism seems to indicate that 
thiaminase in P. thiaminolyticus and in bracken fern is resistant to insect gut proteases. The 
hemolymph of wooly worms on a diet of both treatments were also tested for thiaminase 
and the results were negative for all seven wooly worms fed bracken fern and for all six 
wooly worms fed plantain (Table 10: note that these measurements are not on a per gm 
basis).    29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 10. Thiaminase activities of frass from insects fed a diet containing thiaminase 
Organism  Diet 
Thiaminase activity (nmol of 
thiamine degraded/min) 
Silkworm 
mulberry leaf derived food mixed 
with P. thiaminolyticus culture 
0.047 
Sawfly  bracken fern  0.074 
Inchworm  bracken fern  0.062 
Wooly 
worm 
bracken fern  0.035 
Wooly 
worm 
plantain  0 
 
DISCUSSION 
 
Putative thiaminase I sequence tree. The gene for thiaminase I and putative 
thiaminase I genes are distributed widely in the bacteria and also found in the genome of a 
microbial eukaryote, Naegleria gruberi. Looking at the tree of thiaminase proteins in Figure 
2, it appears some evolutionary clades of organisms seem to have similar thiaminase 
proteins (Paenibacillus + Clostridium, Burkholderia spp., Deltaproteobacteria), suggesting a 
common ancestor for the thiaminase protein with several evolutionary losses of the gene 
encoding the protein among other lineages.  Other evolutionarily related organisms 
however, show dissimilar thiaminase enzymes (Cyanothece and Lyngbya, Megasphaera and 
the rest of the Firmicutes), perhaps suggesting horizontal transfer of the enzyme or the 
acquisition of a different function.  
Thiaminase of N. gruberi. The thiaminase produced by N. gruberi shows the 
greatest differences from the thiaminases produced by thiaminase‐producing bacteria. The 
thiaminase produced by N. gruberi is not secreted and is instead present in the cell of the 
amoeba. Additionally, expression of thiaminase in this organism was not repressed by high 
concentrations of thiamine in the culture media (Table 4), as it was with all other 
thiaminase‐producing organisms. There is some evidence that thiaminase in the N. gruberi 
Figure 22. A. A tenthredinid sawfly found on bracken fern B. A geometrid caterpillar on 
bracken fern taken with 10x  magnification C. An early instar wooly worm caterpillar with 
shed skin nearby on skeletonized bracken fern leaf tissue taken with 20x magnification.  
   30 
genome is a laterally transferred gene which may explain its differential expression. The 
thiaminase gene in N. gruberi has no introns within it (like a bacterial gene) although an 
average rate of 0.7 introns per gene has been generally observed throughout the N. gruberi 
genome (43). Additionally more than 1% of genes in N. gruberi are candidates for 
horizontal transfer, which might be expected from a heterotrophic organism that ingests 
bacteria. The thiaminase gene in N. gruberi is located adjacent to a sequence coding for a 
transketolase protein with no stop codon in between, which might be expected of a 
randomly inserted laterally transferred gene. The genome of N. gruberi contains a second 
transketolase gene.  This redundancy may have allowed the microbe to tolerate insertion of 
the thiaminase coding sequence next to this essential gene.  Alternatively, the thiaminase 
protein in this organism may have a completely different function from the secreted 
thiaminase proteins found among bacteria.  
General conditions for thiaminase expression. In the characterization of 
thiaminase activity in different bacteria, I found that the environmental conditions that are 
optimal for the production of thiaminase vary for different bacteria tested.  These results 
seem to indicate the conditions which different bacteria may benefit by secreting a 
thiamine degrading enzyme is markedly different.  One bacterium, like B. thailandensis, 
may find it beneficial to produce a thiamine degrading enzyme solely at acidic pHs in low 
thiamine concentrations (perhaps more like its natural environment), when another, like P. 
thiaminolyticus, finds it most advantageous solely at neutral or slightly alkaline pHs. The 
different cell wall structures among gram‐negative and gram‐positive bacteria may also 
have an influence on the conditions under which enzymes are secreted.    
Physiological hypotheses of thiaminase. Previous reports describe this enzyme 
as being resistant to protease degradation (44,45).  If this is true, it provides some support 
for the idea that thiaminase could be produced in the gut of a host but not degraded. It also 
provides some evidence for a possible function as an antimicrobial compound or growth 
deterrent as outlined in Hypothesis 1.  I attempted to test protease resistance but further 
refinement of these tests is needed.  The apparent pH dependence of thiaminase 
production of B. thailandensis may explain the disappearance of thiaminase activity when a 
sample of supernatant at pH 5 was adjusted to pH 7.5 for a proteinase K digestion. Based 
on these results, it seems that the thiaminase of B. thailandensis is either unstable or 
inactive at pHs much higher than 5 or a native protease in the supernatant becomes active 
at these pHs and degrades the thiaminase protein.  This contrasts with the thiaminase of P. 
thiaminolyticus, which appeared to be protease and alkaline pH resistant after maintaining 
its ability to degrade thiamine after passing through the digestive tract of a silkworm.  
The conditions used for the proteinase K digestion do not seem to be digesting any 
of the secreted proteins present in the supernatant of P. thiaminolyticus including 
thiaminase. This likely occurred because either these other secreted proteins are protease 
resistant, or more likely because some factor is causing the proteinase to be non‐functional.   
The competition experiment designed to test the possibility of thiaminase as an 
antimicrobial compound was inconclusive. The only evidence we have to support this 
possible theory is preliminary evidence that the protein is protease resistant. Further 
experiments to test this theory are planned in the future.   
To explore our hypothesis that thiaminase I may contribute to disease from 
pathogenic microorganisms as outlined in Hypothesis 2, we looked for thiaminase activity 
in Paenibacillus species associated with insects.  The failure to find thiaminase activity in   31 
the insect pathogen P. lentimorbus and the insect associated P. alvei may have resulted from 
not growing the bacteria under the specific conditions that stimulate thiaminase 
production and activity in these organisms. The range of environmental conditions that 
may regulate thiaminase production present a challenge in determining whether a specific 
bacterial isolate produces this enzyme. Whole genome sequencing may be a more reliable 
approach in confirming thiaminase producers by first finding the presence of a thiaminase 
gene sequence and then determining secretion conditions.  While thiaminase activity was 
not detected in known pathogens, it was detected in P. apiarius which is not known to be 
pathogenic but is associated with bee larvae. The secreted thiaminase in this organism may 
deprive its host of thiamine and potentially make it more susceptible to disease under 
certain conditions. Other than this possibility, no evidence was found for a role of 
thiaminase in pathogenicity.  
The finding that thiaminase activity is nearly universally repressed by high 
concentrations of thiamine among different organisms provides a useful guide in 
determining its physiological function. It is likely that transcription of thiaminase is 
controlled by a thiamine‐binding riboswitch, as the gene is found in an operon of thiamine 
biosynthetic genes in the sequenced C. sporogenes and C. botulinum and other thiamine 
biosynthetic operons are regulated by a thiamine‐binding riboswitch (3). This sequence 
location supports Hypothesis 3 that thiaminase is involved in thiamine biosynthesis and is 
therefore not translated when it is not needed, such as in the presence of high levels of 
thiamine. It might be also be possible that thiaminase is not expressed in high thiamine 
concentrations because it would be a futile effort to cleave all thiamine present in a rich 
environment (to remove access from competitors) of a nutrient that is only needed in a 
relatively small amount.  
Metazoan organisms with thiaminase. Our search for an abundant thiaminase‐
producing bacterium in alewife was not successful. The isolation of only one thiaminase 
producer was not enough to explain the high levels of thiaminase activity in this organism. 
There are several factors that may have affected our ability to recover thiaminase 
producing bacteria from alewife. It is possible that the alewife fish itself produces 
thiaminase, or that bacteria are present that produce thiaminase but we were unable to 
culture them, or that the bacteria were cultured but not under specific conditions which 
stimulate production of thiaminase. 
Thiaminase I activity was found in zebrafish although the activity was low and 
variable between individuals. This is an important finding as zebrafish are a sequenced 
organism, and no protein encoded in the genome matches any known thiaminase protein. 
The domestic silkworm is another sequenced organism with supposed thiaminase activity 
with no apparent thiaminase protein in the genome although we were not successful in 
demonstrating thiaminase activity in these organisms. Eukaryotic organisms might 
produce a phylogenetically unrelated thiaminase  that has an independent origin and 
completely different gene sequence than any bacterial thiaminase.  However, thiaminases 
found in eukaryotes show the same requirement for a basic nucleophile and the ability to 
use multiple nucleophiles, which is unusual among enzymes, therefore an independent 
origin or structure seems unlikely. More likely, thiaminase in these disparate organisms are 
produced by bacteria within these organisms. 
Fern dissections found that root tissue especially rhizomes had the highest level of 
thiaminase present. The association of thiaminase activity with rhizome tissue of ferns also   32 
seems to indicate a possible bacterial origin of thiaminase. Recently a cyanobacterial 
nitrogen‐fixing symbiont that forms root nodules in cycads in Guam were found to produce 
a toxin which the plant sequestered in seed coats (46). Plant‐bacterial associations may be 
more widespread than assumed and several predicted thiaminase producers are soil 
bacteria or rhizobial symbionts. An enzyme such as thiaminase that may have been 
produced by rhizobial symbionts to outcompete other soil bacteria originally could have 
been hijacked by the plant which could sequester it in vulnerable leaf tissues as an 
additional chemical defense.  
The photometric assay we used was able to measure a wide range of thiaminase I 
proteins found in bacteria, protozoa, fish, mollusks, ferns, and horsetails. It is possible that 
the thiaminase protein in silkworms and zooplankton (which were measured but found to 
be negative for thiaminase activity with our assay) has a more specific basic nucleophile 
requirement which is not fulfilled by the 4‐nitrothiophenolate (4‐NTP) substrate provided 
in our assay. Other methods of assaying for thiaminase can be used to confirm or deny this 
hypothesis.   
The apparent protease resistance of bracken fern thiaminase to herbivorous insects 
is puzzling (Table 10). Sawflies are specialized herbivores on ferns and would be expected 
to have a counter defense for a vitamin‐degrading enzyme present in its only food source. 
Perhaps these organisms have a mechanism that inactivates the enzyme in the gut to allow 
enough thiamine for growth to be absorbed without degrading the protein.  Resistance of 
bracken fern thiaminase to less specialized herbivore proteases such as wooly worms was 
less puzzling, but the ability of these insects to grow to the final instar on such a diet was. 
Thiamine is known to be an important nutrient for insects (47) and hemolymph was 
extracted from the wooly worms to assay for thiamine levels for the bracken‐fed treatment 
and the plantain‐fed treatment. This hemolymph was tested for thiaminase activity and 
found to contain no detectable level, indicating that any thiamine present at the time of 
extraction should not have been degraded. This hemolymph will be assayed for thiamine 
activity in order to see if the ingested thiaminase had an effect on thiamine levels in these 
organisms.  
  Summary. Through these studies, we have made some progress into identifying the 
physiological function of thiaminase by exploring different properties of thiaminase and its 
expression. We have found that although different conditions may be required for different 
bacteria to express the enzyme, bacteria that we have tested repress enzyme production 
when high levels of thiamine are present. We have found preliminary evidence that 
thiaminase may also be resistant to proteases and have some function in organisms like P. 
apiarius that live within a host, which further tests will evaluate more thoroughly.  
Additionally we found some evidence of either an entirely separate function or of a 
horizontal gene transfer event of thiaminase from bacteria to Naegleria gruberi which may 
account for a differential expression profile of the enzyme (Table 4). We have also begun 
accumulating evidence that thiaminase in certain organisms is not endogenously produced 
but is bacterial in origin exemplified by the presence of a thiaminase in zebrafish but no 
apparent thiaminase gene in the zebrafish genome. We have also preliminarily established 
a model organism, the goldfish, which is extremely easy to rear and has high thiaminase 
levels which with controlled laboratory experiments may help provide an explanation for 
the variation of thiaminase activity among individual fish and demonstrate what conditions 
induce high thiaminase levels in these organisms.   33 
 
Future Plans 
Protease resistance of thiaminase I is likely an adaptation to prevent other 
organisms from degrading a protein which may be harmful to them. Further investigations 
into protease resistance of different thiaminases should be pursued. Introducing an easily 
digestible protein into a supernatant sample should clarify whether proteinase K is active 
in the conditions used. Once this is clarified, investigations into the protease resistance of 
other thiaminases would be made to see if they are also protease resistant to see if this 
adaptation represents a similar function among different proteins.  
More experiments that test the hypothesis that thiaminase production excludes 
bacterial competitors from thiamine resources should also be pursued.  A competition 
experiment in which B. subtilis and P. thiaminolyticus are grown together in a culture and 
then counted on spread plates would be informative. Furthermore, conducting the same 
experiment with a specific thiaminase inhibitor, 4‐amino‐2‐methyl‐6‐chloropyrimidine 
(30), would provide a contrasting and informative experimental condition. To prevent the 
inhibitor from interfering with thiamine metabolism, the thiaminase assay could be used to 
determine moles of thiaminase present in culture, and then an equimolar amount of 
thiaminase inhibitor could be added, confirming that thiaminase has been inhibited by 
repeating the thiaminase assay. Since the inhibitor would be specific for inhibiting 
thiaminase I ‐‐ and thiaminase I is extracellular ‐‐ and if only a specific amount of 
thiaminase inhibitor commensurate with the amount of thiaminase assayed was added, it 
would be expected that the inhibition will not interfere with intracellular enzymes that are 
associated with normal thiamine metabolism. An alternative approach is to develop a 
method to sequester the inhibitor to a surface, thereby preventing it from being taken up 
intracellularly and interfering with thiamine related enzymes. If fitness of P. thiaminolyticus 
is reduced, this will provide evidence for a fitness advantage purpose of the thiaminase 
enzyme. 
  To conclusively determine the origin of thiamine, we could attempt to purify and 
sequence the thiaminase I protein found in zebrafish samples. If this protein matches a 
protein encoded in the zebrafish genome, this would identify a novel eukaryotic 
thiaminase. On the other hand, if no similarity to the zebrafish genome was found, the 
enzyme must have been produced by a bacterial symbiont.  
  Another goal would be to influence thiaminase levels of metazoan animals in the 
same way that bacterial thiaminase levels can be influenced. We have found that goldfish 
have high thiaminase activities. These easily reared organisms are particularly suited for 
laboratory experiments. Antibiotics could be used to treat these organisms and see if 
thiaminase activity disappeared. Conditions responsible for manipulating thiaminase 
activities in goldfish could be used to inform problems with thiaminase production and fish 
mortality in natural ecosystems and help locate the source of thiaminase. 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